ϩ by an unknown pathway that has been associated with HCO 3 Ϫ efflux. However, the present studies found that K ϩ secretion in the mouse submandibular gland did not require HCO 3 Ϫ , demonstrating that neither K ϩ /HCO 3 Ϫ cotransport nor K ϩ /H ϩ exchange mechanisms were involved. Because HCO 3 Ϫ did not appear to participate in this process, we tested whether a K channel is required. Indeed, K ϩ secretion was inhibited Ͼ75% in mice with a null mutation in the maxi-K, Ca 2ϩ -activated K channel (KCa1.1) but was unchanged in mice lacking the intermediate-conductance IKCa1 channel (KCa3.1). Moreover, paxilline, a specific maxi-K channel blocker, dramatically reduced the K ϩ concentration in submandibular saliva. The K ϩ concentration of saliva is well known to be flow rate dependent, the K ϩ concentration increasing as the flow decreases. The flow rate dependence of K ϩ secretion was nearly eliminated in KCa1.1 null mice, suggesting an important role for KCa1.1 channels in this process as well. Importantly, a maxi-K-like current had not been previously detected in duct cells, the theoretical site of K ϩ secretion, but we found that KCa1.1 channels localized to the apical membranes of both striated and excretory duct cells, but not granular duct cells, using immunohistochemistry. Consistent with this latter observation, maxi-K currents were not detected in granular duct cells. Taken together, these results demonstrate that the secretion of K ϩ requires and is likely mediated by KCa1.1 potassium channels localized to the apical membranes of striated and excretory duct cells in the mouse submandibular exocrine gland. salivary gland; potassium secretion; calcium-activated K channels; duct cells MAXI-K CHANNELS ARE ASSOCIATED with a diverse array of cellular functions including, for example, smooth muscle contractility (22, 37) , cell volume control (32, 42) , neuronal action potentials (26, 27, 39) , hearing loss in cochlear hair cells (31, 34) , and K ϩ secretion by the renal tubules and the crypt cells of the distal colon (29, 38) . We have previously demonstrated that the K Ca 1.1 gene (also known as Kcnma1) encodes the maxi-K channel in the acinar cells of parotid and submandibular exocrine glands (32, 33) . These large-conductance K channels are gated both by voltage and by Ca 2ϩ (25, 32) . K Ca 1.1 acts in concert with the intermediate-conductance, Ca 2ϩ -activated K channel (K Ca 3.1) to regulate fluid secretion. The salivary glands of mice lacking both K Ca 1.1 and K Ca 3.1 K channels secrete ϳ70% less fluid (32, 33) . K Ca 1.1 channels have also been linked to K ϩ secretion in the crypt cells of the mouse distal colon (38) .
This latter study found that Ca 2ϩ -dependent K ϩ secretion in this epithelium relies on K Ca 1.1 but not K Ca 3.1 expression.
Exocrine glands, such as the salivary, lacrimal, and sweat glands, secrete fluid enriched in K ϩ , often more than an order of magnitude higher than the K ϩ concentration found in plasma (1, 3, 5, 36) . Salivary gland secretions maintain homeostasis of the upper gastrointestinal and oral cavity by generating a barrier to microbial, chemical, and mechanical insults (21, 40, 43) . This primary function of saliva depends on numerous secretory proteins as well as the ion composition. The K ϩ concentration of saliva modulates the activity and growth of the oral microbial flora, which include many species considered to be pathogenic (7, 17, (45) (46) (47) .
The primary fluid secreted by salivary gland acinar cells has an osmolality of ϳ300 -310 mosmol/kgH 2 O and a plasma-like monovalent ion composition that is high in Na ϩ and low in K ϩ (18, 19, 50) . As the primary fluid transits through the ductal network, K ϩ is secreted, and at the same time most of the Na (5, 24) . The inverse relationship between Na ϩ uptake and K ϩ secretion suggests a functional link between these two processes, although the ion transport mechanisms involved are not defined in salivary glands. The final secreted fluid is typically hypotonic (Ͻ200 mosmol/kgH 2 O) because the ductal epithelium is essentially water impermeant, and NaCl reabsorption exceeds K ϩ secretion (18, 19, 50) .
The molecular identity of the K ϩ secretion pathway(s) is (are) unknown in salivary glands. It has been postulated that K ϩ /H ϩ exchange and/or K ϩ /HCO 3 Ϫ cotransport mechanisms may be involved in K ϩ secretion, although a major role for a K channel has not been excluded in this process (5) . Consistent with this latter K ϩ secretion model, we recently observed that the [K ϩ ] of the parotid gland saliva secreted in vivo is reduced in K Ca 1.1-deficient mice, suggesting that the maxi-K channel is required for K ϩ secretion (32) . However, this study did not address the molecular mechanisms involved, nor did it rule out the possibility that disruption of the K Ca 1.1 gene may have changed the expression of other K ϩ secretion pathways. It is important to note that a maxi-K-like current has not been previously detected in duct cells (9) , the theoretical site of K ϩ secretion (5, 21) . Thus, the function of the maxi-K channel in the K ϩ secretion process remains to be defined.
In vivo saliva production does not always provide results that accurately reveal the role of the different components of the saliva secretion mechanism (33) . Consequently, the present studies used an ex vivo, perfused submandibular gland preparation that eliminates circulating factors and neural inputs that complicate the interpretation of in vivo experiments and allows for strict control of the perfusate (e.g., agonist concentration, introduction of inhibitors, ion composition, and osmolality). Taking advantage of the robust K ϩ secretion mechanism in the mouse submandibular gland, we found that the final K ϩ concentration was independent of HCO 3 Ϫ , whereas K ϩ secretion was dramatically reduced by the maxi-K channel blocker paxilline. Furthermore, disruption of the K Ca 1.1 K channel gene, but not K Ca 3.1, also dramatically inhibited K ϩ secretion. K Ca 1.1 expression was for the most part limited to the apical membranes of striated and excretory duct cells. Collectively, our findings show that the K Ca 1.1 channel mediates K ϩ efflux across the apical membranes of the ducts in the mouse submandibular gland.
MATERIALS AND METHODS
General methods. Gene targeting and genotyping protocols for K Ca1.1 and KCa3.1 knockout mice were as previously described (2, 22) . Mice were housed in microisolator cages with ad libitum access to laboratory chow and water during 12:12-h light-dark cycles. Sexand age-matched adult mice between 2 and 5 mo old were used. All experimental protocols were approved by the Animal Resources Committee of the University of Rochester. Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.
Ex vivo, perfused submandibular glands. As previously described (33), the main artery to the submandibular salivary gland of anesthetized mice (intraperitoneal injection of 400 mg chloral hydrate/kg) was cannulated (31 gauge, Harvard Apparatus) and perfused at a rate of 0.8 ml/min (IPC High precision tubing pump; Ismatec, Glattbrugg, Switzerland). The submandibular gland was then removed, and the distal end of the salivary duct was inserted into a calibrated glass capillary tube (Sigma-Aldrich). The perfusion solution contained (in mM) 120 NaCl, 25 NaHCO 3, 4.3 KCl, 1.0 MgCl2, 1.0 CaCl2, 5 glucose, and 10 HEPES, at pH 7.4 with NaOH. HCO 3 Ϫ -containing solutions were thoroughly gassed with 5% CO2-95% O2 before the pH was adjusted to 7.4 with NaOH. HCO 3 Ϫ -free solutions were made by equimolar substitution of 25 mM NaHCO3 by NaCl, with the addition of the carbonic anhydrase inhibitor acetazolamide (0.1 mM). HCO 3 Ϫ -free solutions were gassed with 100% O2. Secretion was stimulated at room temperature (RT; 20 -22°C) by the addition of 0.5 M carbachol to the perfusion solution. The ex vivo salivary flow rate was expressed at 1 min intervals as l/min.
In vivo collection of submandibular gland saliva. Mice were anesthetized as described above. Salivary gland-specific saliva was collected by isolating the ducts from each submandibular gland and inserting their distal ends into a calibrated glass capillary tube as described (10) . Body temperature was maintained at 37°C with a regulated blanket (Harvard Apparatus, Holliston, MA), and the trachea was incised to ensure a patent airway. Secretion was stimulated by intraperitoneal injection of pilocarpine-HCl (10 mg/kg body wt). In vivo stimulated saliva was collected for 30 min.
Flow rate, osmolality, and ion concentration measurements. Saliva was stored at Ϫ86°C until analysis. At the end of the saliva collection period, the submandibular glands were blotted dry and weighed. Sodium and potassium concentrations were measured by atomic absorption (Perkin-Elmer 3030 spectrophotometer). Chloride activity was measured with an Orion Research Expandable Ion Analyzer 940. Sample osmolality was obtained with a vapor pressure osmometer (model 5500; Wescor, Logan, UT).
Immunohistochemistry. Mice were anesthetized as described above before arterial perfusion (Sage Thermo Orion Syringe Pump model M361) via the left ventricle, initially with RT PBS, followed by PBS containing 2% picric acid and 2% paraformaldehyde at 4°C. The glands were incubated overnight in the same fixative solution at 4°C and for another night at RT, rinsed in PBS, and then stored in 70% ethanol at 4°C before being embedded in paraffin. Endogenous peroxidase was blocked with 10% H 2O2 for 10 min before overnight incubation at RT with anti-BK Ca antibody (Alomone Labs, Jerusalem, Israel) diluted 1:100 in PBS and 0.5% BSA. This antibody was generated against amino acids 1098 -1196 of the intracellular COOH terminus of mouse K Ca1.1 (accession no. A48206). The Vectastain ABC Kit and Peroxidase Substrate Kit DAB were used to visualize expression per the manufacturer's directions (Vector Laboratories, Burlingame, CA).
Electrophysiology. Measurements of K ϩ currents in mouse submandibular acinar and granular duct cells were made at RT with the patch-clamp technique in the whole cell configuration (33) . Acinar cells were isolated as previously described (33) . Granular duct cells were isolated as follows: glands were dissected from exsanguinated mice under CO 2 anesthesia, minced in Ca 2ϩ -free Earle's minimal essential medium (SMEM; Biofluids, Rockville, MD) containing 0.012% trypsin, 0.05 mM EDTA, 2 mM glutamine, and 1% BSA, and agitated for 15 min at 37°C. After brief centrifugation, the pellet was resuspended in a fresh aliquot of the same solution and incubated for an additional 15 min. Digestion was stopped with 2 mg/ml of soybean trypsin inhibitor, and the tissue was further dispersed by two sequential treatments of 10 min each with LiberaseRI (0.15 U/ml; Roche) in SMEM-Ca 2ϩ -free medium also containing 2 mM glutamine and 1% BSA. The dispersed cells were centrifuged and washed with basal medium Eagle (BME; GIBCO BRL). The final pellet was resuspended in BME with 2 mM glutamine and cells plated onto poly-L-lysinecoated glass coverslips for electrophysiological recordings.
Electrophysiological data were acquired using Axopatch 200B amplifier and Digidata 1320A digitizer (Axon Instruments, Foster City, CA). Whole cell recordings were performed with the low-pass filter set at 1 kHz and a sampling rate of 50 kHz. The K ϩ currents were elicited by 40-ms step pulses from Ϫ110 to ϩ70 mV in 20-mV intervals applied every 0.5 s from the holding potential of Ϫ70 mV. The data were acquired and analyzed using Axon pClamp software (version 9.2). Pipettes from Corning 8161 patch glass (Warner Instruments, Hamden, CT) were pulled to give a resistance of 2-3 M⍀ in the solutions described below. The external solution contained (in mM) 150 Na-glutamate, 5 K-glutamate, 2 CaCl 2, 2 MgCl2, and 10 HEPES, pH 7.2. The pipette solution contained (in mM) 135 Kglutamate, 5 EGTA, 3 CaCl 2, and 10 HEPES, pH 7.2. The level of free Ca 2ϩ in the external and pipette solutions was calculated to be ϳ0.4 mM and ϳ250 nM, respectively (WEBMAXC; http://www. stanford.edu/ϳcpatton/webmaxcS.htm). The use of glutamate instead of Cl Ϫ effectively eliminated Cl channel currents. The measured relevant junction potential in these recordings was Ͻ4 mV, sufficiently small that no correction was made. The osmolality of solutions was measured and adjusted to isotonic with sucrose.
Statistical analyses. Statistical analyses were performed using unpaired Student's t-test with equal variance. Results were expressed as means Ϯ SE. P Ͻ 0.05 was considered statistically significant.
RESULTS
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ϩ secretion is independent of HCO 3 Ϫ in the mouse submandibular gland. (33) . HCO 3 Ϫ depletion was achieved by removal of HCO 3 Ϫ and addition of the carbonic anhydrase inhibitor acetazolamide in the perfusate. This maneuver did not significantly change the total volume of the fluid secreted during 10 min of stimulation with the muscarinic receptor agonist carbachol (Fig. 1A, right) , although secretion was modestly reduced during the initial 3-4 min (Fig. 1A, left) . Notably, Fig. 1B (Fig. 1B) . The above experiments were performed at RT. Additional ex vivo experiments at 37°C with comparable flow rates found no significant difference in the ion composition (not shown, n Ն 8).
Inhibition of K ϩ secretion by paxilline and in K Ca 1.1-null mice. We hypothesized that because K ϩ efflux was not dependent on HCO 3 Ϫ , K ϩ secretion may be regulated by a K channel. The properties of Ca 2ϩ -activated maxi-K (K Ca 1.1) and IK Ca 1 (K Ca 3.1) K channels have been characterized in salivary glands (2, 25, 32, 33) . Moreover, it was previously shown in the parotid gland that K ϩ concentration is reduced from around 22 mM to 9.3 mM in mice lacking expression of the K Ca 1.1 K channel (32) , suggesting that this channel may be involved in K ϩ secretion. However, this study did not directly address the mechanism involved, nor did it rule out the possibility that disruption of K Ca 1.1 may have altered the expression of another K ϩ secretion pathway. Here we take advantage of the ex vivo submandibular preparation and the more robust K ϩ secretion mechanism in the mouse submandibular gland to study the role of these K channels in K ϩ secretion in more detail. Paxilline, a specific maxi-K channel blocker, had no effect on the volume of fluid produced during carbachol stimulation ( Fig. 2A) . In contrast, paxilline produced a dose-dependent inhibition of K ϩ secretion ( Fig. 2B ; 27.6 Ϯ 8.6% and 56.3 Ϯ 4.3% at 1 M and 5 M paxilline, P Ͻ 0.05 and P Ͻ 0.0001, respectively; n Ն 4). Na ϩ absorption also tended to be reduced in the presence of paxilline, but this difference did not reach statistical significance.
We next tested K Ca 1.1-deficient mice to rule out potential nonspecific side effects of paxilline on K ϩ secretion. Figure 3 shows that the submandibular glands of mice lacking K Ca 1.1 secreted ϳ75% less K ϩ and reabsorbed significantly less Na ϩ compared with their wild-type littermates, both in vivo (K ϩ decreased ϳ35 mM; Na ϩ increased ϳ40 mM) and ex vivo (K ϩ decreased ϳ24 mM; Na ϩ increased ϳ13 mM). In contrast, glands from K Ca 3.1-deficient mice secreted slightly more K ϩ in vivo and ex vivo (Fig. 4, A and B, respectively) . Together, pharmacological and genetic inhibition of maxi-K channels demonstrates that the K ϩ output of the submandibular gland primarily involves K Ca 1.1 channels. It should be noted that under these experimental conditions, the ex vivo gland secretes considerably more saliva than the in vivo model system [75.8 Ϯ 4.5 l/10 min (n ϭ 10) vs. 34.1 Ϯ 4.1 l/10 min (n ϭ 14), respectively; P Ͻ 0.0001]. The more robust Na ϩ absorption and K ϩ secretion observed in vivo may be the result of this slower flow rate (see the following section).
Relationship between K ϩ secretion, Na ϩ absorption, and flow rate. It is well known that the K ϩ and Na ϩ concentrations of saliva in some glands are flow rate dependent, such that as the flow rate decreases, the [K ϩ ] increases and the [Na ϩ ] decreases (5, 24) . To investigate the relationship of [K ϩ ] and of [Na ϩ ] to flow rate in the mouse submandibular gland, we used the ex vivo, perfused gland preparation. The secretion rate, as previously described in rat submandibular glands (23) , decreases when the osmolality of the perfusate is increased by the addition of sucrose. Figure 5A shows that, in the mouse submandibular, fluid secretion decreased 71.5 Ϯ 3.8% when the perfusate was made ϳ30% hypertonic by the addition of 100 mM sucrose. This decreased flow was associated with nearly a twofold increase in the K ϩ concentration of the saliva (K ϩ increased ϳ40 mM). Conversely, there was nearly an identical decrease in the [Na ϩ ] (Na ϩ decreased ϳ39 mM) with no change in the Cl Ϫ concentration or osmolality of the saliva (Fig. 5B) . These results confirm that the K ϩ concentration is inversely, whereas the Na ϩ concentration is directly, related to the salivary flow rate in the mouse submandibular gland.
As shown in Figs. 2 and 3 , saliva generated by glands exposed to paxilline or collected from K Ca 1.1-null mice contained significantly less K ϩ and more Na ϩ . Therefore, we next determined whether the dramatic flow rate-dependent increase in K ϩ concentration (see Fig. 5 ) required expression of the K Ca 1.1 channel. Figure 6A shows that the perfusion of a hypertonic solution reduced the flow rate in K Ca 1.1-null mice to a similar magnitude as in wild-type mice (compare to Fig.  5A) . Furthermore, Fig. 6B Figs. 2, 3, and 6 ). Such a mechanism requires that the K Ca 1.1 channel be localized to the apical membrane of acinar and/or duct cells. Alternatively, K Ca 1.1 channels located in the basolateral membrane could control the membrane potential, and thereby, indirectly regulate an apical K ϩ efflux pathway. Although several different K ϩ currents have been described in the duct cells of the mouse submandibular gland (9), none of these currents had maxi-K-like properties, in contrast with the K ϩ currents found in submandibular acinar cells (32) . Therefore, to explore these different possibilities, immunohistochemistry was used to determine the distribution of K Ca 1.1 channels in the mouse submandibular gland. Figure 7A shows that K Ca 1.1 channels are highly expressed and primarily localized to the apical membrane of striated duct cells (arrows). In contrast, no K Ca 1.1 staining was present in granular ducts (bracket). Note that the granular duct identified by the bracket transitioned into a striated duct in this section. Figure 7B clearly shows apical staining of striated ducts (arrows), whereas, Fig. 7C shows that K Ca 1.1 channels are also highly expressed in the apical membrane of excretory ducts (arrows). No apparent staining was detected in the plasma membrane of striated ducts in sections prepared from the submandibular glands of K Ca 1.1-deficient mice (bracket, Fig. 7D ), verifying the specificity of the antibody. Fig. 7 revealed that K Ca 1.1 channels are present in the apical regions of both striated and excretory duct cells, but we failed to detect K Ca 1.1 channels in either acinar or granular duct cells. However, it has been previously shown that the acinar cells in the mouse submandibular gland possess maxi-K-like currents encoded by K Ca 1.1 (33) . This indicates that immunohistochemistry was not sensitive enough to detect the expression of this channel in acinar cells, and it raises the possibility that granular duct cells may express K Ca 1.1 channels as well. Thus, to determine whether or not granular duct cells also express low levels of K Ca 1.1 channels, single cells were isolated from K Ca 1.1 wild-type and null mice and whole cell K ϩ currents examined. Cells were dialyzed with a fixed Ca 2ϩ concentration of 250 nM to activate Ca 2ϩ -gated K channels as previously described (33) , and the current sensitivity was determined for paxilline, a specific inhibitor of K Ca 1.1 channels. Figure 8A shows typical time-and voltagedependent currents in acinar cells in the presence of 1 M TRAM-34, a K Ca 3.1-specific inhibitor (solid circles). The currents were recorded by application of 20-mV steps from Ϫ110 to ϩ70 mV from a holding potential of Ϫ60 mV. As expected, the maxi-K currents were almost completely inhibited by 1 M paxilline (open circles). In eight experiments, Ͼ90% of the current was inhibited by paxilline (163 Ϯ 21 and 14 Ϯ 5 pA/pF at ϩ70 mV before and after paxilline superfusion, respectively). These paxilline-sensitive K ϩ currents were identical to those from K Ca 1.1 channels previously described in salivary gland acinar cells (25, 32, 33) .
Maxi-K currents are not expressed in granular duct cells. Tissue sections shown in
In contrast with the large K ϩ currents in acinar cells, there was an absence of time-and voltage-dependent maxi-K-like currents in the granular duct cells (Fig. 8B) . Most of the cells (9 of 12 cells) presented relatively small time-independent currents, with little or no rectification (solid squares). Moreover, the currents were completely insensitive to paxilline (open squares). The reversal potential of the current was Ϫ46 Ϯ 4 mV, indicating that there may be some contribution of a Na ϩ or nonselective cation conductance. Additionally, we found no further upregulation of the current by very high intracellular Ca 2ϩ induced by superfusion of the granular duct cells with the Ca 2ϩ ionophore ionomycin (5 M; n ϭ 3; data not shown). A small fraction of the granular duct cells (3 out of 12 cells) had only very small, strongly inward-rectifying paxilline-insensitive current (Ͼ1 pA/pF at ϩ70 mV and 2.7 Ϯ 0.3 pA/pF at Ϫ110 mV) with a reversal potential of Ϫ77 Ϯ 6 mV (data not shown).
To confirm that the rather small, paxilline-insensitive currents in granular duct cells were not associated with K Ca 1.1 channels, currents were also recorded in cells obtained from K Ca 1.1-null mice. As we have shown previously, parotid and submandibular acinar cells from these animals completely lack maxi-K currents, confirming the molecular identity of this channel in acinar cells (32, 33) . Figure 8C shows that the typical currents in K Ca 1.1-null granular duct cells (solid triangles; 3 of 4 cells) had properties similar to the currents in wild-type cells (Fig. 8B) . The currents in K Ca 1.1-null cells were also insensitive to paxilline (open triangles). The amplitude of the currents determined at ϩ70 mV were similar in the wild-type and K Ca 1.1 null cells (27 Ϯ 5 pA/pF, n ϭ 9 vs. 21 Ϯ 5 pA/pF, n ϭ 3, respectively). In one of the four K Ca 1.1-null cells, we observed a small inward-rectifying current (data not shown). Consistent with the K Ca 1.1 immunolocalization results shown in Fig. 7 , our electrophysiological data indicate the absence of maxi-K currents in the granular duct cells of mouse submandibular glands. Unfortunately, it is not possible to isolate and positively identify individual cells from striated or excretory ducts to confirm that K Ca 1.1 expression in the apical membranes of these cells directly correlates with the maxi-K activity that was inhibited by paxilline in the ex vivo preparation (see Fig. 2 ).
DISCUSSION
The molecular mechanism by which the mammalian exocrine salivary gland secretes K ϩ is not known. In the present study, we investigated the K ϩ secretion pathway in the mouse submandibular gland using a combination of an ex vivo, perfused gland preparation, immunohistochemistry, knockout mice, and the patch-clamp technique. The ex vivo K ϩ concentration of saliva was comparable to that seen in vivo. K ϩ secretion has been previously linked to HCO 3 Ϫ secretion; however, we found in the present study that K ϩ secretion was insensitive to HCO 3 Ϫ depletion. This result argues against the presence of K ϩ /HCO 3 Ϫ cotransport (28), as well as the secretion of K ϩ and HCO 3 Ϫ mediated through K ϩ /H ϩ and Na ϩ /H ϩ exchangers (12). Our results are consistent with those of previous studies that indicate little, if any, K ϩ /H ϩ exchange in the ducts of rat (49, 51) or mouse (4) submandibular glands. Additionally, Zhao et al. (51) identified a pathway in rat submandibular gland ducts that mediates coupled K ϩ and (H ϩ )HCO 3 Ϫ fluxes with Na ϩ uptake, the so called Na ϩ -coupled K ϩ /H ϩ exchange mechanism. However, our results and those of Chaturapanich et al. (4) indicate that this latter transport mechanism appears not to be expressed in the ducts of mouse submandibular glands. In contrast with mouse and rat submandibular glands, rat parotid ducts express K ϩ /H ϩ exchange, but it is not clear whether this activity reflected a K ϩ /H ϩ exchange mechanism or separate K ϩ and H ϩ channels (28) . If a K ϩ /H ϩ exchange mechanism is active in mouse submandibular duct cells, HCO 3 Ϫ depletion would be expected to cause the intracellular pH to acidify and thus limit K ϩ secretion. Consequently, the continued secretion of K ϩ under HCO 3 Ϫ depleted conditions demonstrated that mouse submandibular duct cells express negligible K ϩ /HCO 3 Ϫ cotransport, K ϩ /H ϩ or Na ϩ -coupled K ϩ /H ϩ exchange. It has also been speculated that apical K ϩ transport in submandibular ducts may be mediated by a conductive pathway (28, 51), although there had been no direct evidence for such a mechanism in the apical membrane of these cells. Three 
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POTASSIUM SECRETION BY MOUSE SUBMANDIBULAR GLANDS different cation currents have been described in the basolateral membrane of mouse submandibular duct cells, including one nonselective cation channel and two K channels (9) . The molecular identities of these latter two inward-rectifying and voltage-insensitive K channels are unknown, but these may be responsible for the inward-rectifying K ϩ currents we detected using the patch-clamp technique in the whole cell configuration in 25% of the granular duct cells (4 out of 16). ROMK (renal outer medullary K channel or inward rectifier Kir 1.1)-like activity has also been reported in the human salivary gland cell line HSG (15), but we are unaware of evidence for similar currents in native cells. Moreover, the biophysical properties of the cation conductances previously reported in duct cells (9) resemble neither ROMK nor the K channels activated by Ca 2ϩ in salivary gland acinar cells (2, 15, 25) .
To further explore the role of K channels in the regulation of K ϩ secretion, the specific maxi-K inhibitor paxilline and mice with null mutations in either the maxi-K, Ca 2ϩ -activated K channel (K Ca 1.1 Ϫ/Ϫ ) or the IK Ca 1, Ca 2ϩ -activated K channel (K Ca 3.1 Ϫ/Ϫ ) genes were used. These manipulations had little if any effect on the saliva secretion volume (Fig. 2 and Ref. 33) . In contrast, paxilline (Fig. 2) and disruption of K Ca 1.1 significantly inhibited K ϩ secretion, but not the K Ca 3.1 null mutation (Figs. 3 and 4, respectively) . Together, these pharmacological and genetic studies show that the K Ca 1.1 channel is the major pathway involved in K ϩ efflux in the mouse submandibular gland. Furthermore, Fig. 6 illustrates that the hypertonicinduced enhanced secretion of K ϩ was nearly eliminated in K Ca 1.1-null mice. The total amount of K ϩ secreted (K ϩ concentration times the flow rate per gland) under isotonic conditions (higher flow rate) by the wild-type gland was 43.1 Ϯ 6.1 mol K ϩ during 15 min of stimulation, significantly more than under hypertonic conditions (lower flow rate; 23.1 Ϯ 1.7 mol K ϩ ). This result is consistent with the increased flow inducing an increase in K ϩ secretion via upregulation of maxi-K, as observed in the kidney (48) . Although K Ca 1.1 Ϫ/Ϫ mice secreted much less K ϩ than their wild-type littermates, it should be noted that glands from the K Ca 1.1 Ϫ/Ϫ mice also secreted significantly more K ϩ during higher flow rate than during lower flow rate conditions (7.6 Ϯ 0.5 vs. 4.2 Ϯ 0.3 mol of K ϩ , respectively). Therefore, we cannot rule out other mechanisms being involved in the flow-induced increase in K ϩ secretion, nor the possibility that the hypertonic sucrose-containing solution affects K ϩ secretion independent of its effect to reduce flow.
The K ϩ conductances previously reported in salivary gland duct cells (9) do not resemble the currents generated by maxi-K channels in acinar cells (2, 15, 25) , raising several important questions about the function of these channels in salivary glands. Does maxi-K mediate K ϩ secretion directly or does it indirectly regulate an apical K ϩ efflux pathway? Is maxi-K targeted to the apical or basolateral membrane, and in which cell type is it expressed, acinar or duct cells? Significantly, we found that the K Ca 1.1 channel is primarily localized to the apical membrane of striated and excretory duct cells, but not granular duct cells. Unfortunately, individual striated and excretory duct cells cannot be positively identified; thus, we do not know whether the K Ca 1.1 protein observed by immunohistochemistry translates into maxi-K currents in these cells. It is noteworthy that, although submandibular acinar cells express maxi-K currents (Fig. 8 and Ref. 33) , we did not detect K Ca 1.1 staining. Because K Ca 1.1 channels are few in number (20) and are likely to be distributed throughout the entire basolateral membrane, we speculate that the antibody localization method 
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was not sensitive enough to detect K Ca 1.1 expression in acinar cells. Our immunolocalization studies also failed to identify K Ca 1.1 staining in granular duct cells; this result was supported by the lack of Ca 2ϩ -activated K ϩ currents in this cell type. In summary, we demonstrate that the K Ca 1.1 channel, and not a HCO 3 Ϫ -dependent pathway, mediates K ϩ efflux in the mouse submandibular exocrine gland. The submandibular gland is a particularly good model system for investigating the K ϩ secretion mechanism in exocrine glands because of the high K ϩ concentrations achieved by this organ (Ͼ80 mM at low flow rates, see Fig. 5 ). Cook and colleagues (5, 6) hypothesized that fluid secretion can be driven by K channels in the apical membrane of acinar cells. In fact, there is direct evidence for an apical maxi-K-like current in the acinar cells of frog skin (41) and for apical Ca 2ϩ -activated K ϩ currents in rat lacrimal acinar cells (44 (30, 50) . Because the K ϩ and Na ϩ concentrations of both the acinar secretions and the venous plasma outflow from salivary gland (which reflects the interstitial ion concentration) are plasma-like, this suggests that K ϩ and Na ϩ likely enter the primary saliva across the "leaky" tight junctions of the acinus. Thus, most of the K ϩ found in the final saliva is secreted (whereas most of the Na ϩ is reabsorbed) as the saliva passes through the relatively water-impermeant ductal network (18) .
Consistent with this K ϩ secretion model, we found that K Ca 1.1 channels were highly expressed and localized to the apical membranes of striated and excretory ducts, cells thought to be involved in K ϩ secretion. Notably, the K ϩ concentration of in vivo stimulated saliva (12.7 Ϯ 0.5 mM K ϩ ) from mice lacking the K Ca 1.1 channel or in ex vivo saliva collected in the presence of 5 M paxilline (16.8 Ϯ 1.6 mM K ϩ ) was only modestly higher than the concentration in the primary secretions from acinar cells. Together, these results suggest that K Ca 1.1 channels in salivary gland duct cells are involved in K ϩ secretion. Further analysis will be necessary to determine whether the K Ca 1.1 channel is the K ϩ efflux pathway and/or whether it regulates K ϩ secretion indirectly by setting the membrane potential. However, based on the apical localization of K Ca 1.1 channels in duct cells and the activation properties of maxi-K channels, it appears that this channel is likely to be the major K ϩ efflux mechanism in the submandibular exocrine gland. It should be noted that there are multiple splice variants of the K Ca 1.1␣-subunit and at least four regulatory ␤-subunits that associate with K Ca 1.1␣. The activation kinetics of the K Ca 1.1 channel is dependent on which splice variant of the K Ca 1.1␣ pore-forming subunit is expressed (13, 14, 16, 35) . What is more, regulatory ␤-subunits modulate the voltage-and Ca 2ϩ -dependent gating of the K Ca 1.1␣-subunit (13, 14, 16, 35) . Regardless of these additional regulatory properties of K Ca 1.1 channels, assuming an intracellular K ϩ concentration of ϳ145 mM, it is possible to concentrate the ductal K ϩ concentration to 80 mM or more if the membrane potential depolarizes. This suggests that the epithelial Na channel ENaC present in this cell type (8) may play an important role in depolarizing the membrane potential sufficiently to permit K ϩ secretion. In agreement with this hypothesis, much of the K ϩ secretion in the submandibular gland of the mouse appears to be linked to Na ϩ absorption.
